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Abstract Wood-polyvinyl chloride (PVC) composites were
prepared using industrial wood particles used for manu-
facturing three-layer particleboards. The effect of particle
size (0.25–0.5, 0.5–1, 1–2, and 2–4 mm) on the mechani-
cal properties of the composites was investigated. The ef-
fect of cross-section size (4 × 10, 6 × 15 and 8 × 20 mm2)
of composite pieces made by an injection moulding method
was also studied. Both the particle size and specimen cross-
section area significantly influenced these properties. The
tensile and flexural properties as well as the impact strength
in general increased with increasing particle size, and de-
creased with increasing cross-section size.
Einfluss von industrieüblichen Holzspanabmessungen
auf die mechanischen Eigenschaften
von Holz-PVC-Verbundwerkstoffen
Zusammenfassung Holz-PVC-Verbundwerkstoffe wurden
unter Verwendung industrieüblicher Holzspäne, wie sie zur
Herstellung von dreischichtigen Spanplatten eingesetzt wer-
den, hergestellt. Der Einfluss der Spangröße (0,25–0,5,
0,5–1, 1–2 und 2–4 mm) auf die mechanischen Eigenschaf-
ten der Verbundwerkstoffe sowie der Einfluss der Quer-
schnittsgröße (4 × 10, 6 × 15 and 8 × 20 mm2) der mittels
Spritzgusstechnik hergestellten Verbundwerkstoffe wurde
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untersucht. Sowohl die Spangröße als auch die Querschnitts-
abmessungen der Prüfkörper hatten einen Einfluss auf die-
se Eigenschaften. Die Zug- und Biegeeigenschaften sowie
die Schlagbiegefestigkeit nahmen generell mit zunehmen-
der Spangröße zu und mit zunehmender Querschnittsgröße
ab.
1 Introduction
Mechanical properties of wood plastic composites (WPCs)
generally depend on the properties of their components and
the ratio of these components. One of the factors affect-
ing properties of a wood component is wood particle size.
The effect of this factor on WPC mechanical properties
was mainly evaluated for typical WPCs containing small
wood particles (wood flour) or short wood fibres. WPCs
with polypropylene (PP) (Zaini et al. 1996; Lee et al. 2001;
Stark and Rowlands 2003; Khalil et al. 2006; Salemane
and Luyt 2006; Kumari et al. 2007; Cheng et al. 2009;
Pan et al. 2009) and high density polyethylene (HDPE) (Cui
et al. 2008; Migneault et al. 2008, 2009; Bouafif et al. 2009)
as the matrix were primarily studied. Results of some stud-
ies have shown that the effect of wood particle size on WPC
mechanical properties was considerable, whereas others re-
vealed that this effect was slight. For most tested WPCs an
increase in wood particle size resulted in an increase in WPC
mechanical properties, but in some cases there was a reverse
tendency. The divergence of the results of these studies is
difficult to interpret. It is due to many factors, mainly such
as thermoplastic type, wood content, wood particle geome-
try, coupling agent type and content, and processing method.
It can be concluded that the effect of wood particle size on
WPC mechanical properties is not sufficiently clear.
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Polyvinyl chloride (PVC) is increasingly being used as
a matrix of WPC, in particular by manufacturers of win-
dows and deck profiles. This composite has well enough
mechanical properties and high moisture, fungi and UV
radiation resistance. Furthermore, it is relatively inexpen-
sive and allows for multiple processing. Recycled PVC
waste from pipes, windows and sidings can be success-
fully used to produce wood-PVC composites. Mechanical
properties of WPCs with PVC as the matrix have seldom
been studied (Bledzki et al. 1998; Takatani et al. 2000;
Xu et al. 2008) compared to WPCs with PP and HDPE.
The effect of wood or natural fibre content was mainly con-
sidered. Only Takatani et al. (2000) evaluated the effect of
wood particle size for WPCs with softwood flour and steam
exploded beech flour using two sizes of wood particle: 0.125
and 0.841 mm. They found that the smaller particles gave
better WPC flexural strength when softwood flour was the
wooden component, and worse when a mix of softwood and
steam-exploded beech flour was such a component.
Large-sized wood particles are seldom used as filler in
WPCs, especially for the fabrication of WPCs by injec-
tion moulding. However, industrial wood particles with long
length and a high length-to-thickness ratio were found to
be useful for producing wood-PP (Bledzki and Faruk 2003;
Gozdecki et al. 2006; Wilczyn´ski et al. 2008) and wood-
HDPE (Chen et al. 2006) composites. Using these particles
improves the WPC mechanical properties, compared with
typical WPC with wood flour.
The continual increase in the use of WPCs results in the
need to create WPCs with particular properties. Such can be
WPCs with large-sized wood particles. In this study, indus-
trial wood particles used for manufacturing the face and core
layers of particleboards were employed to make wood-PVC
composites by an injection moulding method. The aim of the
study was to assess the effect of particle size on the mechan-
ical properties of these composites. The use of large-sized
particles makes the WPCs more heterogeneous, therefore it
was decided to consider also the size of cross-section of in-
jection moulded pieces.
2 Materials and methods
2.1 Materials
The PVC used in this study was POLANVIL S-58 obtained
from Anwil S.A. (Poland). Its bulk density was 0.595 g/cm3.
Industrial softwood particles used for manufacturing
three-layer particleboards, fine particles for face layers
and coarse particles for the core layer, were employed
as raw wood material. They were supplied by Kronospan
Szczecinek (Poland). Their fraction analysis is shown in Ta-
ble 1. The particles were screened by an analytical sieve
Table 1 Fraction analysis (%) per weight of industrial wood particles
Tab. 1 Siebanalyse in Masseprozent industrieüblicher Holzspäne









<0.212 11.5 <0.5 1.9
0.212–03 9.2 0.5–1.0 8.5
0.3–0.4 15.5 1.0–1.4 11.3
0.4–0.6 20.9 1.4–2.0 28.9
0.6–1.0 39.5 2.0–4.0 42.9
1.0–1.25 3.2 4.0–6.3 5.8
>1.25 0.2 >6.3 0.7
Fig. 1 Screened wood particles of S1, S2, L1 and L2 sizes
Abb. 1 Gesiebte Holzspäne der Größe S1, S2, L1 und L2
shaker using sieves of 5, 10, 18, 35 and 60 mesh to ob-
tain four particle sizes: (1) very small, S1, 0.25–0.5 mm;
(2) small, S2, 0.5–1 mm; (3) large L1, 1–2 mm; and (4) very
large L2, 2–4 mm. The screened particles are shown in
Fig. 1. Dimensions were measured for 200 randomly se-
lected particles of each size, and length-to-thickness and
width-to-thickness ratios were calculated to obtain particle
geometric characteristics. Particle bulk density was also de-
termined. Mean values of these parameters are listed in Ta-
ble 2.
2.2 Sample preparation
All the particles were dried at 80°C in an air-circulation oven
for 24 hours before mixing in order to achieve a moisture
content of less than 3%. Next the particles were mixed with
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Table 2 Length, length/thickness and width/thickness ratios, and bulk
density of wood particles
Tab. 2 Länge, Verhältnis von Länge zu Dicke und von Breite zu Dicke
sowie Schüttdichte der Holzspäne
Length
(mm)
Length/thickness Width/thickness Bulk density
(g/cm3)
S1 1.9 (0.8) 14.9 (3.2) 2.4 (0.7) 0.201
S2 3.9 (1.4) 16.3 (4.1) 2.5 (0.9) 0.192
L1 12.2 (6.0) 20.2 (6.1) 2.6 (1.2) 0.162
L2 20.2 (6.9) 21.4 (6.3) 2.8 (1.1) 0.150
Standard deviations in parentheses
PVC at 40% by weight. Test specimens were made by injec-
tion moulding using a screw injection moulding machine.
The temperature profile was 140, 175 and 180°C. The in-
jection pressure time, hold pressure time and cooling time
were 3, 6 and 40 s, respectively. To minimize mechanical
degradation of particles during moulding, the diameter of
the injection die was enlarged to 4.5 mm, and the diameter
of the sprue bush to 8 mm. The cross section of the runner
and the gate was 10 × 10 mm2 and 6 × 6 mm2, respectively.
For determining the effect of cross-section size of in-
jection moulded pieces, three cross-section areas were as-
sumed: (1) 4 × 10 mm2; (2) 6 × 15 mm2; and (3) 8 ×
20 mm2. Specimens with these three cross-section sizes
were made. Dimensions of those of 4 × 10 mm2 cross-
section were according to EN ISO 527, and dimensions of
those of 6×15 mm2 and 8×20 mm2 cross-sections were ad-
equately larger. After processing the specimens were stored
in controlled conditions (50% relative humidity and 20°C)
for two weeks prior to testing.
2.3 Methods of testing
The mechanical properties of the obtained WPCs were eval-
uated according to standard procedures. Tensile and flexural
properties were determined according to EN ISO 527 and
EN ISO 178, respectively, using an Instron 3367 machine.
Cross-head speed was 2 mm per min. Unnotched Charpy
impact strength tests were conducted according to EN ISO
179 with PSd 50/15 impact test device. Ten replicates were
run for each test. All tests were performed at room tempera-
ture (20°C) and at constant relative humidity (50%).
3 Results and discussion
3.1 ANOVA analysis
Mean values of the tensile modulus and strength, flexu-
ral modulus and strength, and impact strength of tested
Fig. 2 Effect of specimen cross-section size on tensile modulus of
WPC with different sizes of wood particles (standard deviations in
parentheses)
Abb. 2 Einfluss der Querschnittsgröße der Prüfkörper und der Holz-
spangröße auf den Zugelastizitätsmodul von WPCs (Standardabwei-
chung in Klammern)
Fig. 3 Effect of specimen cross-section size on tensile strength of
WPC with different sizes of wood particles (standard deviations in
parentheses)
Abb. 3 Einfluss der Querschnittsgröße der Prüfkörper und der Holz-
spangröße auf die Zugfestigkeit von WPCs (Standardabweichung in
Klammern)
WPCs are given in Figs. 2–6. Two-way analysis of vari-
ance (ANOVA) was conducted to determine the significance
of the effects of particle size and cross-section size on the
WPC mechanical properties (Table 3). Results of this anal-
ysis show that all mechanical properties vary significantly
with particle size and specimen cross-section size. The in-
teraction between these two variables is significant only for
the flexural strength.
3.2 Effect of particle size
Specimens of different cross-section size and the same wood
particle size were included in one group. The mean values
of mechanical properties for these groups are presented in
Table 4. Tukey’s test was applied to evaluate the statistical
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Fig. 4 Effect of specimen cross-section size on flexural modulus of
WPC with different sizes of wood particles (standard deviations in
parentheses)
Abb. 4 Einfluss der Querschnittsgröße der Prüfkörper und der Holz-
spangröße auf den Biegeelastizitätsmodul von WPCs (Standardabwei-
chung in Klammern)
Fig. 5 Effect of specimen cross-section size on flexural strength of
WPC with different sizes of wood particles (standard deviations in
parentheses)
Abb. 5 Einfluss der Querschnittsgröße der Prüfkörper und der Holz-
spangröße auf die Biegefestigkeit von WPCs (Standardabweichung in
Klammern)
significance between mean values of mechanical properties
of WPCs with different particle sizes. Values with the same
letter for given property are not significantly different at the
5% significance level.
The WPC tensile and flexural properties increase grad-
ually with increasing particle size from S1 to L1 and de-
crease with increasing particle size to L2 (Table 4, Figs. 2,
3, 4, and 5). Values of these properties for the WPC with L2
particles are greater than those for the WPC with S2 parti-
cles. The tensile modulus and strength of WPCs with larger
(L1 and L2) particles are on average 12% and 11% greater,
respectively, than those of WPCs with smaller (S1 and S2)
particles. The relative difference between the tensile prop-
erties of WPCs with larger and smaller particles does not
depend on specimen cross-section size.
The flexural modulus and strength of WPCs with larger
particles are on average greater by 11% and 18%, respec-
tively, than those of WPCs with smaller particles. For
the flexural modulus the relative difference between val-
ues of WPC with larger and smaller particles was great-
est when this modulus was determined using specimens of
Fig. 6 Effect of specimen cross-section size on impact strength of
WPC with different sizes of wood particles (standard deviations in
parentheses)
Abb. 6 Einfluss der Querschnittsgröße der Prüfkörper und der Holz-
spangröße auf die Schlagfestigkeit von WPCs (Standardabweichung in
Klammern)
Table 3 Two-way ANOVA test on the effects of particle size and cross-section size on WPC mechanical properties (p-values)












Wood particle size < 0.0001* < 0.0001* < 0.0001* < 0.0001* 0.0002*
Cross-section size < 0.0001* < 0.0001* 0.0147* < 0.0001* < 0.0001*
Wood particle size ×
cross-section size
0.9883ns 0.6005ns 0.3388ns 0.0388* 0.9120ns
*Denotes significance at 0.01
nsNon significant at 0.05
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Table 4 Effect of wood particle size on WPC mechanical properties



















S1 5290a 35.2a 4930a 58.5a 10.6a
S2 5470ab 37.0a 5110ab 63.3a 11.7b
L1 6210c 42.2b 5720c 74.4b 12.1b
L2 5850bc 38.3a 5480bc 69.3b 12.3b
Mean values with the same letter for given property are not significantly different at the 5% significance level
4 × 10 mm2 cross-section. For flexural strength this dif-
ference was almost the same as when it was derived from
testing the specimens of different cross-section size.
Regarding the impact strength, the composite made of
the smallest particles showed the lowest value (Fig. 6). The
other three groups had a higher score, and showed no signifi-
cant difference (Table 4). The impact strength of WPCs with
larger particles is on average 9% greater than that of WPCs
with smaller particles. The relative difference between the
impact strength of WPCs with larger and smaller particles
is greatest in determining this strength using specimens of
8 × 20 mm2 cross-section.
The increase in the mechanical properties of tested WPCs
with increasing wood particle size is a result of particle
geometry. According to the mechanics of fibre-reinforced
composite materials, one important factor affecting their
mechanical properties is fibre aspect ratio defined as fibre
length-to-thickness ratio. Fibres with a higher aspect ratio
enhance stress transfer from the polymer matrix to the fi-
bres and finally improve the composite mechanical proper-
ties. Values of this ratio for wood particles used in the study
were 20.2 and 21.4 for L1 and L2 particles, respectively,
and 14.9 and 16.3 for S1 and S2 particles, respectively (Ta-
ble 2). Improving the WPC mechanical properties by parti-
cles with a higher aspect ratio was also observed for wood-
PP (Zaini et al. 1996; Stark and Rowlands 2003) and wood-
HDPE (Migneault et al. 2008, 2009) composites.
The tensile and flexural properties of tested WPCs with
L2 particles are smaller than those of WPCs with L1 parti-
cles. The relative decreases are on average 7% and 5% for
the tensile and flexural properties, respectively. These in-
creases are probably due to the fact that too-large particles
were breaking during the processing.
3.3 Effect of cross-section size
The effect of specimen cross-section size on WPC mechani-
cal properties is presented in Figs. 2–6. In general, the prop-
erties derived from specimens with greater cross-section
have lower values. Tensile, flexural and impact properties
decrease gradually when cross-section size increases from
4 × 10 to 8 × 20 mm2. Only for the WPC with S1 parti-
cles is the flexural modulus derived from the specimens of
6 × 15 mm2 cross-section slightly greater than that deter-
mined using the specimens of 4 × 10 mm2 cross-section.
WPC tensile modulus and strength derived from the spec-
imens of 8 × 20 mm2 cross-section are on average 11%
and 17% smaller than those derived from the specimens of
4×10 mm2 cross-section. The decrease in the tensile modu-
lus is almost the same for WPCs with different wood particle
size. The decrease in the tensile strength is greatest for the
WPC with L1 particles.
WPC flexural modulus and strength derived from the
specimens of 8 × 20 mm2 cross-section are on average 6%
and 16% smaller than those derived from the specimens of
4×10 mm2 cross-section. The decrease in the flexural mod-
ulus is greater for WPCs with larger wood particles. The
decrease in the flexural strength for WPCs with S2 and L1
particles is greater than that for WPCs with S1 and L2 par-
ticles.
The increase in specimen cross-section size results in
a considerable decrease in WPC impact strength. This
strength derived from the specimens of 8 × 20 mm2 cross-
section is on average 22% smaller than that derived from the
specimens of 4×10 mm2 cross-section. The decrease in this
strength does not depend on wood particle size.
Standard deviations in the study results are affected by
specimen cross-section size. In general they are lower for
the results derived from testing specimens with larger cross-
section. The decrease in standard deviations with increasing
cross-section size is greater for WPCs with larger particle
size. Standard deviations are also affected by wood parti-
cle size. They are generally higher when the particles are
larger. Their increase with increasing particle size is high-
est for the results derived from specimens with the smallest
cross-section. Summing up, the larger the cross-section size
and the smaller the particle size, the lower the standard de-
viation. So, it is preferable to use specimens with a cross-
section larger than a standard cross-section of 4 × 10 mm2
to determine the mechanical properties of WPCs with larger
particles.
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4 Conclusions
Industrial wood particles used for manufacturing three-layer
particleboards can be a good raw material to make com-
posites with PVC by an injection moulding method. These
WPCs have good mechanical properties, which depend on
particle size and the cross-section area of injection moulded
pieces. The large-sized particles, used for manufacturing a
core particleboard layer, provide better WPC properties than
the small-sized particles used for manufacturing face parti-
cleboard layers. This is a result of the greater aspect ratio
of larger wood particles. The mechanical properties derived
from testing specimens with a larger cross-section area are
in general lower, but show a lower standard deviation.
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